This paper presents a new transformative manufacturing methodology for free-form machining. An experimental prototype machine is constructed to levitate and rotate an object attached with sharp edges, which act as a cutter for the purpose of performing machining processes. This device aims to lead to a technological breakthrough, overcoming the limitation of the workpiece features, and achieve greater free-form machining capability. The construction of curved holes and interior surfaces are constrained by the geometry of the machine tool. The proposed concept creates a new device that uses a magnetic field generator as a base. It is loaded with a constant power imposing a vertical physical force to balance gravity and stabilize the cutting tool. With the uniqueness of a preferred orientation between the tool and the base, a rotating surface placed below the base permits the rotation of the cutting tool in order to achieve desired tool rotation speed. A smooth and controlled cut is achieved on a soft material. The result shows the feasibility of the device to achieve similar outcomes as a machine tool.
Introduction
In the context of manufacturing, the presence of a spindle constrains the movement of the machine tool to rotate around a fixed axis during the manufacturing process. Even with this realization, the current machining tool design has not significantly changed in decades. Despite the revolutionary advancement in machine tool design and capabilities in recent years, the development of new and innovative techniques has not been the focus of research and development. The capability of this transformative machining concept opens opportunities that are not permitted by any other current machining process in terms of flexibility. The manufacturing process of adapting magnetic fields to create the mechanical motion of cutting tools against a workpiece has been referred to magnetic field-assisted machining [1] , electroferromagnetic machining [2] , or magneto-abrasive machining [3] . Applications for these concepts are mainly for the process of finishing and polishing [4] [5] [6] [7] [8] . Since 1981, researchers in Japan have developed the process and have succeeded in pursuing industrial uses [9] . Much of the early fundamental theories and operational principles have been first provided by Shinmura et al. [5] and Kamanduri et al. [6] . As the physical mechanism becomes better understood, the magneto-abrasive machining has increasingly received attention for several practical applications in industry [7 10 11] .
However, the current magneto-abrasive technology is limited to polishing and finishing of large surface areas, and is not suited for cutting. This is due to the fact that a large number of particles are used to generate the random sliding, rubbing, and plowing motions. These random motions are not able to define the depth and width of the cut to achieve positioning accuracy. The concept technology proposed in this paper is fundamentally different from the current magneto-abrasion methods. First, although the existing methods all involve no rotation, the proposed concept utilizes the rotation of the tool as the primary machining motion. Second, while the earlier magnetoabrasion systems often use a large number of particles, the proposed concept uses only one object, hereby overcoming the key difficulties of machining precision and flexibility.
Magneto-abrasive Cutting Machine 2.1. Structure of the magneto-abrasive cutting machine
The proposed magneto-abrasive cutting machine is composed of a magnet attached with sharp edges, a magnetic field generator base, and a rotating surface as shown in Figure 1 . Table 1 lists the specifications of the prototype magneto-abrasive cutting machine, including its shape as well as the sizes of its cutter and magnetic field generator base respectively. In particular, the height of the cutter (10 mm) is designed to permit the attachment of various sharp edges to test the performance of the cutting process shown in Figure 2 . The sharp edge is a selected non-ferrous material of aluminum sheet with thickness of 0.1016 mm. Sufficient force acting on the cutter can lead to unstable levitation, causing the cutter to drop, which can cause a difficulty of performing machining process. The cutting performance of the machine depends on the feed velocity, rotation speed, and the orientation of sharp edges, as in a real machine tool. The main function of the sharp edges is to provide shear deformation during cutting process. 
The levitation and rotation method
The magneto-abrasive cutting tool is controlled by the magnet field generator base and a rotating surface, which can balance the tool's weight and drive the rotation motion by a servo control.
The lifting forces must balance the weight of the cutting tool, which can be expressed as the following [13] : (1) where µ is the magnetic moment in A-m 2 and B is the repulsive magnetic field in Tesla. Machining action of the cutting tool is to be achieved by its tangential surface velocity relative to the workpiece. Generally, the relative motion between a tool and a workpiece can be decomposed into a primary and a feed velocity component. In this paper, with respect to the use of a magnet as the cutting tool, the primary velocity component refers to the rotation of the cutting tool that generates tangential surface velocity between the cutting tool and the workpiece. It is resulting from the self-spinning motion of the cutting tool relative to a non-rotating workpiece. To create the primary machining motion, a prefer orientation between the cutting tool and the magnetic field generator base is essential. With that, this paper proposes to attach a rotating surface to the magnetic field generator base, as shown in Figure 3 . The feed velocity component, or the secondary machining motion, is supplied by a single-axis worktable to deliver workpiece movement relative to the cutting tool. Table 2 shows the relative rotation speed between the magnetic field generator base and the cutting tool. 
Experiment to test feasibility
The cutting experiment is conducted on a single-axis worktable to deliver workpiece movement relative to the cutting tool. Jelly is selected as a soft material to test the cutting ability. Jelly has an approximate density of 0.997 g/cm 3 and Young's modulus of 0.1 MPa. A preliminary cut is defined as making a scratch on the soft material, as shown in Figure 4 . This study introduced a new transformative manufacturing methodology for testing the feasibility of free-form machining. The magneto-abrasive cutting machine utilizes the principle of magnetic levitation and rotation. The proposed prototype machine provided a primary machine motion, which is capable of creating shear deformation on a soft material. Based on the physical phenomena of magnetic torque with two-axis Helmholtz coil, the device can generate rotating magnetic field to drive a bar magnet. This bar magnet can attach to a machine tool to drive the rotation. However, problems arise due to the interference between two different perpendicular magnetic fields, as shown in Figure 5 . This simulation is constructed in COMSOL Multiphysics with two pairs of Helmholtz coils having the following specifications: 124 wire loops in each coil; 150 mm in coil radius; and 1.5 mm in wire diameter. The arrows show the directions of magnetic field, while the color red indicates strong magnetic field (~80 mT) and green indicates weak magnetic field (~0.75 mT). The magnetic field generated by the base has shown an interference with the magnetic field generated by the Helmholtz coil, which causes the cutting tool to drop.
Therefore, the initial proposal was modified to utilize the uniqueness of a preferred orientation between the magnetic field generator base and the cutting tool, and combining with a driving rotating surface. The rotation of the cutting tool was then controlled by a power supply. Finally, the proposed prototype machine demonstrated the feasibility of achieving similar outcomes as a machine tool.
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Conclusion
The research proposes a prototype magneto-abrasive cutting machine comprised of a magnetic field generator base to levitate the cutting tool, and a rotation motion control using a rotating surface. The research explains and demonstrates the possibility of applying such a unique device to make a defined cut. A new transformative manufacturing methodology was introduced, and the study experimentally investigated the control of the primary motion to achieve machining capability. The proposed machine is unique because other magneto-abrasive machining can only perform random motions on the abrasive particles. This device provides a freely levitation of the cutting tool and can potentially allow the free-form machining. This methodology may be useful for the future technology of making special features, such as curve holes, interior surface, etc. Using the magnet-based cutting tool and magnetic field, the proposed device is controlled wirelessly. The ongoing work focuses on investigating various ways to enhance this prototype cutting machine, such as a multi-axis Helmholtz coil to achieve better performance.
